Abstract. This paper investigates the formation control problem of multiple agents. The formation control is founded on leader-following approaches. The method of integral sliding mode control is adopted to achieve formation maneuvers of the agents based on the concept of graph theory. Since the agents are subject to uncertainties, the uncertainties also challenge the formation-control design. Under a mild assumption that the uncertainties have an unknown bound, the technique of nonlinear disturbance observer is utilized to tackle the issue. According to a given communication topology, formation stability conditions are investigated by the observer-based integral sliding mode formation control. From the perspective of Lyapunov, not only is the formation stability guaranteed, but the desired formation of the agents is also realized. Finally, some simulation results are presented to show the feasibility and validity of the proposed control scheme through a multi-agent platform.
Introduction
Recently, multi-agent systems have been paid considerable attention [1] [2] [3] . The technology of multi-agent systems has been praised as a novel paradigm for designing and implementing many real systems, such as distributed sensor networks [4] , robots [5] [6] [7] [8] , satellite flying [9] and aerial vehicles [10] . In reality, a multi-agent system has some advantages over a single agent, including but not limited to efficiency, reliability, extensibility, robustness and flexibility [11, 12] . Increasing applications involve multiple agents that have to work together, which implies the requirement of multiple agents coordination.
Among a variety of cooperative tasks, the consensus problem becomes attractive because it integrates both graph theory and control theory. The consensus problem contains several typical control problems, i.e., cooperative control, formation control and flocking. See [13] for a complete review of recent approaches to this area. As a branch, formation control works on controlling agents in a multi-agent system to form up and move in specified geometrical shapes [14] . The background of formation control originates from the real world. For instance, the agents need to maintain some formations when they move at disaster sites, warehouses and hazardous areas.
One of coordinated control schemes for multi-agent formations is defined as leader-following; one agent is designed as the leader and other agents are followers. The sole leader is self-commanded and moves along a predefined trajectory. The followers track the leader. A cooperative task can be achieved by the interactions between these followers and the leader. The scheme in [4, 6, 9, 10] has been successfully applied to the anal- Uncertainties exist everywhere. Each individual agent may suffer from uncertainties, i.e., external disturbances, unmodelled dynamics and parameter perturbations. Originated from the uncertainties of individual agents, formation dynamics of multiagent systems become uncertain. In previous works on the SMCbased multi-agent formations [15, 25-28, 31, 32] , uncertainties are considered because they adversely affect the formation stability. Two solutions can be summarized from those works. One solution is to discuss the formation stability by means of graph theory [15, 32] . The other is to analyze the formation stability in light of Lyapunov's theorem [25] [26] [27] [28] 31] . To guarantee the formation stability, both solutions have to assume that the formation uncertainties are bounded. Unfortunately, the boundary of uncertainties is rather hard to exactly measure or know in advance. The lack of such a boundary may result in severe problems, i.e., decrease of the formation robustness, deterioration of the formation performance as far as deficiency of the formation stability. To obtain the important information, adaptive approximation of the formation uncertainties is desired.
The technique of nonlinear disturbance observer (NDO) has been proven to be effective in handling uncertainties and improving robustness [33] . The applications of NDO have been investigated in several cases [34, 35] . Such a technique can be considered as an alternative solution to the problem of uncertainties. So far, the academic problem of how to eliminate the adverse effects of uncertainties in multi-agent formations via NDO still remains unsolved and problematic.
This paper addresses the academic problem. An NDO-based observer is employed to observe the uncertainties of agents. Based on the observer, an integral sliding mode controller is developed to achieve the formation maneuvers of agents. The formation stability is presented in Lyapunov sense. By comparison, numerical results demonstrate that the presented control design is preferable.
Modelling

One single agent.
A multi-agent system contains N identical agents. Displayed in Fig. 1 , the single agent under consideration is a differential wheeled robot in the horizon. The robot is round with a radius of r. Use index i to refer to the robot in Fig. 1 . The robot's movement is based on two separately driven wheels placed on either side of the robot's body, where (x ci , y ci ) are the center of this robot, (x Li , y Li ) are the center of the left wheel, (x Ri , y Ri ) are the center of the right wheel and are the center of the robot's body. Then, a vector q i = [x hi y hi θ i ]
T can be defined to describe the robot's posture, where (x hi , y hi ) are the robot's head in the inertial frame and θ i denotes the orientation angle of a mobile frame [15] . Under the assumption of pure rolling and non-slipping motion, the robot is subjected to [¡sinθ i cosθ i 0] ¢ [x ci y ci θ i ] = 0.
The Lagrangian equation of the agent can be obtained as L i = K i ¡ P i , where K i denotes the kinetic energy of the agent and P i means the potential energy. Concerning the agent, it can only move in the horizon so that its potential energy remains unchanged, that is, P i ´ 0. Then, L i can be written by
In (1) The Lagrangian equations of motion can be formulated as (2) with respect to vector q i . o obtain the important information, it is desired to adaptively pproximate the formation uncertainties.
The technique of nonlinear disturbance observer (NDO) has een proven to be effective in handling uncertainties and imroving robustness [33] . The applications of NDO have been vestigated by some actual cases [34, 35] . Such a technique an be considered as an alternative to attack the issue of uncerinties. So far, the academic problem of how to eliminate the dverse effects of uncertainties in multi-agent formations via DO still remains unsolved and problematic. This paper touches the academic problem. An NDO-based bserver is employed to observe the uncertainties of agents. ased on the observer, an integral sliding mode controller is eveloped to achieve the formation maneuvers of agents. The ormation stability is presented in the sense of Lyapunov. By a omparison, some numerical results illustrate that the presentd control design is preferable.
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In (1) , K bi = The Lagrangian equations of motion can be formulated as (2) with respect to the vector q i .
where τ i = [τ Li τ Ri ] T is the torque vector applied to the wheels and B(q i ) is a time-varying matrix. By the Lagrangian method, the dynamic model of the agent [15] can be formulated by In (4),C(q i ,q i ) = 0 2×2 where 0 2×2 is a 2 × 2 zero matrix.
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h is the length between the agent's center and the head and l is the distance between the agent's center and one wheel.
From Fig. 1 , two symbols of the agent are unexplained, that is, the linear velocity v i and the rotation angular veloci-
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. 
In (4),C(q i ,q i ) = 0 2×2 where 0 2×2 is a 2 × 2 zero matrix. The fact indicates thatM(q i )ξ i =B(q i )τ i can be deduced from (4) . Provided det[M(q i )] � = 0, the assumption meansM −1 (q i ) is invertible such that the the equations of motion describing the behaviour of the agent can be formulated bẏ
Reconsiderq i = T (q i )ξ i such that the equations of motion of the agent at its head has a form of
Differentiating (6) with respect to time t yields
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Example of article
Consider the agent's uncertainties, Finally, the agent can be described by 
where δ xi and δ yi are the uncertain terms.
Assumption 1: �δ xi � ≤ δ * xi and
yi , where δ * xi > 0 and δ * yi > 0 are constant but unknown. Assumption 2: Both δ xi and δ yi are slowly time-varying, indicatingδ xi ≃ 0 andδ yi ≃ 0.
Assumption 1 indicates the uncertainties are bounded by an unknown constant, which is mild. From Assumption 2, δ xi and δ yi seem almost constant. Considering the technical contents, Assumption 2 hints the designed observer could evaluate or calculate δ xi and δ yi munch faster than the change rates of δ xi and δ yi . In this sense, δ xi and δ yi could be treated as almost constants by the observer.
Communication topologies
Re-consider the multi-agent system with N agents. The communication topologies of such a system can be modelled via the theory of algebraic graph [15, Assumption 4: In the multi-agent system, the sole leader cannot receive any information from the followers.
Consider Assumption 3. For the zero eigenvalue, an eigenvector of L is 1 N , that is, L 1 N = 0 N holds true, where
Further, rank(L ) = N − 1 for the simple zero eigenvalue [13] .
Without loss of generality, the Nth agent in the multi-agent system is named leader and other N − 1 agents are followers. Consider Assumption 4, that is, a Ni = 0 (i = 1, 2, ··· , N) and the Laplacian matrix of G can be written as
(10) Further, the communication topologies among all the followers are described by a directed graph G . Apparently, G is a subgraph of G . The weighted adjacency matrix A ∈ R (N−1)×(N−1) of G is defined by
The degree matrix of G is determined by
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where δ xi and δ yi are the uncertain terms. Assumption 1 indicates the uncertainties are bounded by an unknown constant, which is mild. From Assumption 2, δ xi and δ yi seem almost constant. Considering the technical contents, Assumption 2 indicates that the designed observer could evaluate or calculate δ xi and δ yi much faster than the change rates of δ xi and δ yi . In this sense, δ xi and δ yi could be treated as almost constant by the observer.
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Re-consider the multi-agent system with N agents. The communication topologies of such a system can be modelled using the theory of algebraic graph [15, 32] . Define a directed graph G = (V, E) composed of a vertex set V and an edge set E, where V = fv 1 , v 2 , ¢¢¢, v N g, E µ V£V, the node v i denotes the ith agent and i = 1, 2, ¢¢¢, N. This paper investigates the directed graph in the multi-agent system. Consider the ith agent whose collection of neighbors is defined as N i = fv j 2 V : (v i , v j ) 2 Eg. The ordered pair (v i , v j ) 2 E means that the jth agent can send information to the ith agent, but not vice versa.
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Re-consider the multi-agent system with N agents. The communication topologies of such a system can be modelled via the theory of algebraic graph [15, 32] . Define a directed graph G = (V , E ) composed of a vertex set V and an edge set E , where V = {v 1 , v 2 , ··· , v N }, E ⊆ V × V , the node v i denotes the ith agent and i = 1, 2, ··· , N. This paper investigates the directed graph in the multi-agent system. Consider the ith agent whose collection of neighbors is defined as
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The weighted adjacency matrix A of G has a form of
where a i j indicates the weight of the pair [13] , L has at least one zero eigenvalue as well as all other eigenvalues are located at the open right-half plane if G is connected.
Assumption 3: G of the multi-agent system has a spanning tree, indicating that the zero eigenvalue of L is simple. (9) where a ij indicates the weight of the pair
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The degree matrix of G is a diagonal matrix, determined by
a ij (i = 1, 2, ¢¢¢, N). Accordingly, the Laplacian matrix of G can be defined by L = D ¡ A 2 R N£N . Proven in [13] , L has at least one zero eigenvalue; all other eigenvalues are located at the open right-half plane if G is connected.
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Further, the communication topologies among all the followers are described by a directed graph G . Apparently, G is a subgraph of G . The weighted adjacency matrix A ∈ R (N−1)×(N−1) of G is defined by
Similarly, assuming that the subgraph G is itself a directed graph,
Formation Design
Assumption 5: Considering the formation-control problem of the multi-agent system, the leader is assumed to be well controlled by a developed technology and the controller is known as well as the leader's its dynamic [17] .
The Nth agent has been named leader, its duty is to track a predefined trajectory and its control problem can be treated as the tracking-control problem of a single robot. Concerning Assumption 5, the leader can be treated as a nominal one in the formation-control problem, that is, δ xN = δ yN = 0. The other N − 1 agents act as followers and they are equipped with 3 (11)
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Formation design
Assumption 5: Considering the formation-control problem of the multi-agent system, the leader is assumed to be well controlled by a developed technology; the controller's and the leader's dynamic is known [17] . The Nth agent identified as the leader has to track a predefined trajectory and its control problem can be treated as the tracking-control problem of a single robot. Concerning Assumption 5, the leader can be treated as a nominal one in the formation-control problem, that is, δ xN = δ yN = 0. The other N ¡ 1 agents act as followers and they are equipped with the designed formation controllers to achieve formation maneuvers of the multi-agent system.
Concerning the ith follower agent (i = 1, 2, ¢¢¢, N ¡ 1), its equations of motion in (8) are decoupled in the x-axis and y-axis. Consequently, its formation design can be divided into two parts, that is, design for the x-axis and design for the y-axis. Here the formation design for the x-axis is taken into account first. From (8) , the x-axis subsystem with uncertainties can be written as the designed formation controllers to achieve formation maneuvers of the multi-agent system.
Concerning the ith follower agent (i = 1, 2, ··· , N − 1), its equations of motion in (8) are decoupled in the x-axis and y-axis. Consequently, its formation design can be divided into two parts, that is, design for the x-axis and design for the y-axis. Here the formation design for the x-axis is taken into account at first. From (8) , the x-axis subsystem with uncertainties can be written by
Further, (13) can be re-written by the following state-space representation.ẋ
T and u xi is er and d x iN is the pre-defined relative position between the ith follower and the leader.
Differentiate e xi in (17) with respect to time t, substitute the x-axis subsystem (13) into the derivative of e xi and consider Assumption 5 yieldṡ
Concerning the x-axis subsystem of the ith agent, an integral sliding-mode surface with the NDO-based observer output [11] is defined by s xi = e xi + c xi e xi dt +δ xi (19) here c xi > 0 is constant. The derivative of the sliding-mode surface variable with re-
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Here the formation design for the x-axis is taken into account at first. From (8) , the x-axis subsystem with uncertainties can be written by
Further, (13) can be re-written by the following state-space representation.ẋ (14) where
the control input.
NDO-based observer design
Consider the x-axis subsystem (14) and design its NDO-based observer (15) [33, 34] . (15) In (15), p xi is the internal state variable of the observer,δ xi is the approximation of δ xi and the gain vector L xi ∈ R 2×1 is designed such that the constant λ xi = L T xi B xi is positive. Define an estimation-error variable e xi d = δ xi −δ xi , differentiate the error variable with respect to time t, substitute (15) into the derivative of e xi d and take Assumptions 1 and 2 into account. We can obtain (16) .
The solution of (16) is e xi d = exp(−λ xi t)e xi d (0), where e xi d (0) is the initial condition at t = 0. Owing to λ xi > 0, this fact indicates that the estimation-error variable e xi d is exponentially convergent to 0 as t → ∞.
Integral SMC-based controller design
To coordinate the leader-following-based multi-agent system, a trackingerror variable of the ith follower agent is defined by
where ρ xi > 0 is a pre-defined constant, d x i j is the pre-defined relative position between the ith follower and the jth follow- 
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In (15), p xi is the internal state variable of the observer,δ xi is the approximation of δ xi and the gain vector L xi ∈ R 2×1 is designed such that the constant λ xi = L T xi B xi is positive. Define an estimation-error variable e xi d = δ xi −δ xi , differentiate the error variable with respect to time t, substitute (15) into the derivative of e xi d and take Assumptions 1 and 2 into account. We can obtain (16) .
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The solution of (16) is e xi d = exp(¡λ xi t)e xi d (0), where e xi d (0) is the initial condition at t = 0. Owing to λ xi > 0, this fact indicates that the estimation-error variable e xi d is exponentially convergent to 0 as t ! �.
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Concerning the x-axis subsystem of the ith agent, an integral sliding-mode surface with the NDO-based observer output [11] is defined by s xi = e xi + c xi e xi dt +δ xi (19) here c xi > 0 is constant. The derivative of the sliding-mode surface variable with respect to time t can be written bẏ s xi =ė xi + c xi e xi +δ xi (20) Substituting (18) and (19) into (20) giveṡ
Design the following x-axis formation-control law for the ith follower agent
Concerning the x-axis subsystem of the ith agent, an integral sliding-mode surface with the NDO-based observer output [11] is defined by
iN is the pre-defined relative position between the ith follower and the leader.
where c xi > 0 is constant.
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NDO-based observer design
Integral SMC-based controller design
where κ xi > 0 is predefined and sgn(·) is the sign function. The equationδ xi = −λ xi (δ xi − δ xi ) can be drawn from (16) . Replaceδ xi in (21) by the equation and replace u xi in (21) by (22) . Then,ṡ xi can be re-arranged bẏ
Bull. Pol. Ac.: Tech. XX(Y) 2016 (8) are decoupled in the x-axis and ormation design can be divided into r the x-axis and design for the y-axis. for the x-axis is taken into account is subsystem with uncertainties can (13) written by the following state-space
r design Consider the x-axis sub-NDO-based observer (15) [33, 34] .
al state variable of the observer,δ xi i and the gain vector (15) and take Assumptions 1 and 2 into 6). (16) is e xi d = exp(−λ xi t)e xi d (0), where tion at t = 0. Owing to λ xi > 0, this ation-error variable e xi d is exponen-→ ∞.
d controller design To coordinate d multi-agent system, a trackingllower agent is defined by
ned constant, d x i j is the pre-defined the ith follower and the jth followx-axis subsystem (13) into the derivative of e xi and consider Assumption 5 yieldṡ
Bull. Pol. Ac.: Tech. XX(Y) 2016 its equations of motion in (8) are decoupled in the x-axis and y-axis. Consequently, its formation design can be divided into two parts, that is, design for the x-axis and design for the y-axis. Here the formation design for the x-axis is taken into account at first. From (8) , the x-axis subsystem with uncertainties can be written by
Further, (13) can be re-written by the following state-space representation.ẋ xi = A xi x xi + B xi u xi + B xi δ xi (14) where
NDO-based observer design
Integral SMC-based controller design
where ρ xi > 0 is a pre-defined constant, d x i j is the pre-defined relative position between the ith follower and the jth followx-axis subsystem (13) into the derivative of e xi and consider Assumption 5 yieldṡ
Bull. Pol. Ac.: Tech. XX(Y) 2016 (22) where κ xi > 0 is predefined and sgn(¢) is the sign function.
The equation (21) with the equation and replace u xi in (21) with (22) (14) here
he control input.
.
NDO-based observer design
Consider the x-axis subystem (14) and design its NDO-based observer (15) [33, 34] . (15) In (15), p xi is the internal state variable of the observer,δ xi s the approximation of δ xi and the gain vector L xi ∈ R 2×1 is esigned such that the constant λ xi = L T xi B xi is positive. Define an estimation-error variable e xi d = δ xi −δ xi , differeniate the error variable with respect to time t, substitute (15) nto the derivative of e xi d and take Assumptions 1 and 2 into ccount. We can obtain (16) .
The solution of (16) .2. Integral SMC-based controller design To coordinate he leader-following-based multi-agent system, a trackingrror variable of the ith follower agent is defined by
here ρ xi > 0 is a pre-defined constant, d x i j is the pre-defined elative position between the ith follower and the jth followxi Assumption 5 yieldṡ
Bull. Pol. Ac.: Tech. XX(Y) 2016 (23) 3.3. System structure. The system structure is presented in Fig. 2 . Concerning the ith follower agent, its state-variable vector of the x-axis subsystem x xi , composed of x hi and v xi , is Fig. 2 , it feeds on the NDO-based observer to estimate the approximation δ xi . Furthermore, the tracking-error variable e xi and its integral construct the integral sliding-mode surface variable s xi . The designed control scheme employs s xi , x xi and δ xi to generate the final control input u xi . Finally, u xi is applied to the ith follower agent to achieve formation maneuvers of its x-axis subsystem.
Stability analysis.
In order to consider the formation stability of the x-axis subsystem, the following assumption about the estimation-error variable is considered.
Assumption 6: je
xi d j < e xi d , where e * xi d > 0 is constant but unknown.
Theorem 1:
Concerning the ith follower agent, consider its x-axis subsystem dynamic (13), take Assumptions 1-6 into account, design the NDO-based observer (15) , define the sliding-mode surface (19) and utilize the integral SMC-based control law (22) . The closed-loop control system of the x-axis subsystem structured in Fig. 2 
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such thatV < 0 exists. Concerning V ≥ 0, the closed-loop control system of the x-axis subsystem is asymptotically stable in the sense of Lyapunov.
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Observer-based leader-following formation control of uncertain multiple agents by integral sliding mode
Design the control law u of the multi-agent system as
In (29), I 2(N¡1) is a 2(N¡1) £ 2(N¡1) identity matrix. Replacing the control law u in (28) by (29) gives
Theorem 2: Concern the multi-agent system, suppose that its communication graph has a directed spanning tree. The stability of the leader-following formation control is guaranteed if the controller parameters of each follower agent are designed by Theorem 1. Proof: Define a Lyapunov candidate function V 0 (t) = ksk 2 here k¢k 2 means 2-norm. Differentiate V 0 (t) with respect to time t. The derivative of V 0 can be written by V 0 (t) =
In (29), I 2(N−1) is a 2(N − 1) × 2(N − 1) identity matrix. Replacing the control law u in (28) by (29) giveṡ
Theorem 2: Concern the multi-agent system, suppose that its communication graph has a directed spanning tree. The stability of the leader-following formation control is guaranteed if the controller parameters of each follower agent are designed by Theorem 1.
Proof : Define a Lyapunov candidate function V ′ (t) = �s� 2 here �·� 2 means 2-norm. Differentiate V ′ (t) with respect to time t. The derivative of V ′ can be written byV ′ (t) = 
In (31), (31) can be re-arranged bẏ
If the controller parameters of each follower agent are selected by Theorem 1,V ′ < 0 can be deduced from (32) . Considering V ′ ≥ 0, the formation control of the multi-agent system is asymptotically stable in the sense of Lyapunov.
Take Assumption 6 into account. could be chosen. According to Theorem 1, such a kind of formation design could contribute to the decrease of the chattering phenomenon as well as the improvement of the formation performance.
Simulation Results
To demonstrate the performance of the presented control scheme, this section implements some simulations on a multirobot platform and discusses the results. The platform is composed of four mobile wheeled robots. The robots are identical (See Fig. 1) , where three follower agents in order are numbered by 1, 2 and 3 and the sole leader agent is numbered by 4. The physical parameters of these agents are picked up from [16] , listed by l = 0.0265m, h = 0.04m, r = 0.02m, m b = 0.018kg, m w = 0.007kg, I b = 1.44 × 10 −4 kg·m 2 and I w = 1.44 × 10 −6 kg·m 2 . The communication topology of this multi-agent system is illustrated in Fig. 3 . 
In (31),
Take Assumption 6 into account. The tracking-error variable e * xi d is constant but unknown, meaning that it is hard to determine κ ik in Theorem 1 as well as κ in Theorem 2. To guarantee the formation stability, a conservative value of e * xi d should be assigned. On this aspect, there seem no benefits earned from such an NDO-based integral SMC scheme. However, e xi d originated from the scheme is exponentially convergent as proven, indicating that a small value of e * xi d could be chosen. According to Theorem 1, such a kind of formation design could contribute to the decrease of the chattering phenomenon as well as the improvement of the formation performance.
Proof : Define a Lyapunov candidate function V ′ (t) = �s� 2 here �·� 2 means 2-norm. Differentiate V ′ (t) with respect to time t. The derivative of V ′ can be written byV
Replacingṡ in the derivative of V ′ by (30) yieldṡ
Proof : Define a Lyapunov candidate function V ′ (t) = �s� 2 here �·� 2 means 2-norm. Differentiate V ′ (t) with respect to time t. The derivative of V ′ can be written byV ′ (t) = If the controller parameters of each follower agent are selected by Theorem 1, V 0 < 0 can be deduced from (32) . Considering V 0 ¸ 0, the formation control of the multi-agent system is asymptotically stable in Lyapunov sense.
□
Take Assumption 6 into account. The tracking-error variable e * xi d is constant but unknown, meaning that it is hard to determine κ ik in Theorem 1 as well as κ in Theorem 2. To guarantee the formation stability, a conservative value of e * xi d should be assigned. In this aspect, there seem no benefits earned from such an NDO-based integral SMC scheme. However, e * xi d originated from the scheme is exponentially convergent as proven, indicating that a small value of e * xi d could be chosen. According to Theorem 1, this kind of formation design could contribute to the decrease of the chattering phenomenon, as well as the improvement of the formation performance.
Simulation results
To demonstrate the performance of the presented control scheme, this section implements some simulations on a multi-robot platform and discusses the results. The platform is composed of four mobile wheeled robots. The robots are identical (Fig. 1) , with three follower agents in order marked as 1, 2 and 3 and the sole leader agent numbered as 4. The physical parameters of these agents are picked up from [16] The communication topology of this multi-agent system is illustrated in Fig. 3 .
As shown in Fig. 3 , the communication graph G forms a standard spanning tree, where the adjacency and Laplacian matrices are formulated by Design the control law u of the multi-agent system as
Simulation Results
To demonstrate the performance of the presented control scheme, this section implements some simulations on a multirobot platform and discusses the results. The platform is composed of four mobile wheeled robots. The robots are identical (See Fig. 1) , where three follower agents in order are numbered by 1, 2 and 3 and the sole leader agent is numbered by 4. The physical parameters of these agents are picked up from [16] , listed by l = 0.0265m, h = 0.04m, r = 0.02m, m b = 0.018kg, m w = 0.007kg, I b = 1.44 × 10 −4 kg·m 2 and I w = 1.44 × 10 −6 kg·m 2 . The communication topology of this multi-agent system is illustrated in Fig. 3 . Assumption 1 indicates the uncertainties are bounded by an unknown constant, which is mild. From Assumption 2, δ xi and δ yi seem almost constant. Considering the technical contents, Assumption 2 hints the designed observer could evaluate or calculate δ xi and δ yi munch faster than the change rates of δ xi and δ yi . In this sense, δ xi and δ yi could be treated as almost constants by the observer.
Communication topologies
means that the jth agent can send information to the ith agent, but cannot send information vice versa.
where a i j indicates the weight of the pair 1, 2, ··· , N) . Accordingly, the Laplacian matrix of G can be defined by L = D − A ∈ R N×N . Proven in [13] , L has at least one zero eigenvalue as well as all other eigenvalues are located at the open right-half plane if G is connected.
Assumption 3: G of the multi-agent system has a spanning -can be derived from
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where δ xi and δ yi are the uncertain terms. Assumption 1 indicates the uncertainties are bounded by an unknown constant, which is mild. From Assumption 2, δ xi and δ yi seem almost constant. Considering the technical contents, Assumption 2 hints the designed observer could evaluate or calculate δ xi and δ yi munch faster than the change rates of δ xi and δ yi . In this sense, δ xi and δ yi could be treated as almost constants by the observer.
where a i j indicates the weight of the pair 1, 2, ··· , N) . Accordingly, the Laplacian matrix of G can be defined by L = D − A ∈ R N×N . Proven in [13] , L has at least one zero eigenvalue as well as all other eigenvalues are located at the open right-half plane if G is connected. 
Without loss of generality, the N system is named leader and other N Consider Assumption 4, that is, a Ni the Laplacian matrix of G can be w
Further, the communication topo lowers are described by a directed is a subgraph of G . The weighte
Similarly, assuming that the subg graph, L 1 N−1 = 0 N−1 exists where
Formation Design
Assumption 5: Considering the form the multi-agent system, the leader i trolled by a developed technology a as well as the leader's its dynamic [ The Nth agent has been named a predefined trajectory and its contr as the tracking-control problem of ing Assumption 5, the leader can b , whose adjacency and Laplacian matrices are determined by Design the control law u of the multi-agent system as
Simulation Results
To demonstrate the performance of the presented control scheme, this section implements some simulations on a multirobot platform and discusses the results. The platform is composed of four mobile wheeled robots. The robots are identical (See Fig. 1) , where three follower agents in order are numbered by 1, 2 and 3 and the sole leader agent is numbered by 4. The physical parameters of these agents are picked up from [16] , listed by l = 0.0265m, h = 0.04m, r = 0.02m, m b = 0.018kg, m w = 0.007kg, I b = 1.44 × 10 −4 kg·m 2 and I w = 1.44 × 10 −6 kg·m 2 . The communication topology of this multi-agent system is illustrated in Fig. 3 . Apparently, the subgraph G -is itself a directed graph. Consider the ith follower agent (i = 1, 2, 3). Take its control design of the x-axis subsystem into account. Some parameters of the integral SMC-based controller should be predefined, that is, c xi = 5 and κ xi = 1. Concerning the NDO-based observer, its gain vector is chosen as formation controllers to achieve formation mamulti-agent system. the ith follower agent (i = 1, 2, ··· , N − 1), of motion in (8) are decoupled in the x-axis and quently, its formation design can be divided into t is, design for the x-axis and design for the y-axis.
ation design for the x-axis is taken into account (8), the x-axis subsystem with uncertainties can
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on of (16) is e xi d = exp(−λ xi t)e xi d (0), where initial condition at t = 0. Owing to λ xi > 0, this that the estimation-error variable e xi d is exponenent to 0 as t → ∞.
SMC-based controller design
To coordinate llowing-based multi-agent system, a trackingof the ith follower agent is defined by
is a pre-defined constant, d x i j is the pre-defined on between the ith follower and the jth follower and d x iN is the pre-defined relative position between the ith follower and the leader.
T by trial and error such that λ xi = rs to achieve formation ma-. gent (i = 1, 2, ··· , N − 1) , decoupled in the x-axis and on design can be divided into axis and design for the y-axis. e x-axis is taken into account ystem with uncertainties can v xi u xi + δ xi (13) by the following state-space
gn Consider the x-axis subbased observer (15) [33, 34] .
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= exp(−λ xi t)e xi d (0), where t = 0. Owing to λ xi > 0, this error variable e xi d is exponenroller design To coordinate ti-agent system, a trackingagent is defined by
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T n controllers to achieve formation maent system. follower agent (i = 1, 2, ··· , N − 1), in (8) are decoupled in the x-axis and its formation design can be divided into n for the x-axis and design for the y-axis. sign for the x-axis is taken into account x-axis subsystem with uncertainties can hi xi = v xi u xi + δ xi (13) re-written by the following state-space
A xi = 0 1 0 0 , B xi = [0 1] T and u xi is rver design Consider the x-axis subits NDO-based observer (15) [33, 34] .
ternal state variable of the observer,δ xi f δ xi and the gain vector L xi ∈ R 2×1 is constant λ xi = L T xi B xi is positive. -error variable e xi d = δ xi −δ xi , differenwith respect to time t, substitute (15) xi d and take Assumptions 1 and 2 into n (16). Differentiate e xi in (17) with respect to time t, substitute the x-axis subsystem (13) into the derivative of e xi and consider Assumption 5 yieldṡ
Design the following x-axis formation-control law for the ith follower agent (17) is set by 1.1. The uncertain term of the x-axis subsystem is designed by δ xi = 0.02£rand(). Here rand() is a MATLAB command that generates a uniformly distributed random number in the closed interval [¡1 1]. Without loss of generality, the integral SMC-based controller and the NDO-based observer of the y-axis subsystem remain the same as corresponding parameters of the x-axis subsystem. Considering the motor load of these follower agents, both u xi and u ui are confined to u xi • 0.5 and u yi • 0.5.
Consider the following formation task. The leader agent moves along a straight line. The follower agents keep tracking the leader and form up into a diamond-shaped formation. The straight trajectory of the leader is presented as follows. In a Cartesian coordinate system, the initial coordinates of the leader are 4 displays the simulation results of the presented control scheme by the multi-agent system. In Fig. 4a , the agents form up into the diamond-shaped formation from string one while moving in straight lines; filled triangles denote the initial positions of the agents and filled circles indicate the agents' positions in the dynamic process. In order to demonstrate the formation maneuver, the dash lines bond the agents together at the same moment. At the outset, the leader agent moves toward the right-half plane according to the designed trajectory. The three follower agents move towards the left-half plane in order to form up the desired diamond.
In Fig. 4b From Fig. 4b -e, these defined errors can converge to zero as the desired formation has been achieved. This indicates that the presented control scheme can realize the formation maneuver of the multi-agent system in spite of uncertainties. Further, the formation-control law of each follower agent is shown in Fig. 4f-g . Observer-based leader-following formation control of uncertain multiple agents by integral sliding mode Fig. 5 illustrates the simulation results of the adaptive fuzzy sliding-mode control approach [16] by the same multi-agent system. These results in Fig. 5 are adopted for performance comparisons and our motivation is to highlight the superiority of the presented control scheme. As in Fig. 5a , the approach can also realize the same formation maneuver as the formation in Fig. 4a . However, our NDO-based integral sliding control method has better control performance in Fig. 4b -e via the comparisons in Fig. 5b-e. Concerning the approach in [16] , a fuzzy inference system (FIS) is designed to resist the uncertainties such that the control performance is subject to a number of fuzzy logic. The uncertainties in this paper are formulated by 0.02 £ rand(), compared with the expression of 0.005 £rand() in [16] . With the limited number of fuzzy rules, it is difficult for FIS to achieve better performance against the variations of uncertainties.
Conclusions
This paper has investigated the formation-control problem of multiple agents. The agents under consideration are wheeled mobile robots. The formation mechanism is leader-following. The uncertainties originated from each individual agent result in the formation uncertainties of the multi-agent system. It is mildly assumed that the formation uncertainties are bounded by an unknown boundary. In order to resist the formation uncertainties when forming up the agents, a control scheme that integrates the technique of NDO-based observer and the method of integral SMC is addressed. According to a given communication topology, the theoretical analysis proves that the formation control of the multi-gent system in the presence of uncertainties is of asymptotic stability. The control scheme has achieved the formation maneuvers by a multi-robot platform. The simulation results have demonstrated the effectiveness of the control scheme.
This paper has presented some theoretical results, as well as some numerical results for the multi-robot platform. In order to focus on the motivation of control design, some difficulties in application, such as communication delays and collisions between agents, are not considered during the control design. The no-communication-delay and no-collision conditions are mild enough for small-scale formations but they are rather idealized for large-scale formations. In order to take the presented control scheme into practical account, we continue to investigate this area and further works are in progress. Curves of e pyi , (d) Curves of e vxi , (e) Curves of e vyi , (f) Curves of u xi , (g) Curves of u yi (i = 1, 2, 3). 
